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This paper describes a combined experimental, analytical and numerical modelling investi-
gation into hydrogen jet fires in a passively ventilated enclosure. Theworkwas funded by the
EU Fuel Cells and Hydrogen Joint Undertaking project Hyindoor. It is relevant to situations
wherehydrogen is storedorused indoors. In suchsituationspassiveventilationcanbeused to
prevent the formation of a flammable atmosphere following a release of hydrogen. Whilst a
significant amount of work has been reported on unignited releases in passively ventilated
enclosures and on outdoor hydrogen jet fires, very little is known about the behaviour of
hydrogen jet fires in passively ventilated enclosures. This paper considers the effects of
passive ventilation openings on the behaviour of hydrogen jet fires. A series of hydrogen jet
fire experiments were carried out using a 31 m3 passively ventilated enclosure. The test
programme included subsonic and chockedflowreleaseswith varyinghydrogen release rates
and vent configurations. In most of the tests the hydrogen release rate was sufficiently low
and the vent area sufficiently large to lead to a well-ventilated jet fire. In a limited number of
tests the vent areawas reduced, allowing under-ventilated conditions to be investigated. The
behaviourofa jetfire inapassivelyventilatedenclosuredependson thehydrogenrelease rate,
the vent area and the thermal properties of the enclosure. An analytical model was used to
quantify the relative importance of the hydrogen release rate and vent area, whilst the in-
fluence of the thermal properties of the enclosure were investigated using a CFD model.
Overall, the results indicate that passive ventilation openings that are sufficiently large to
safely ventilate an unignited release will tend to be large enough to prevent a jet fire from
becoming under-ventilated.
Crown Copyright © 2016 Published by Elsevier Ltd on behalf of Hydrogen Energy Publica-
tions LLC. This is an open access article under the Open Government License (OGL) (http://
www.nationalarchives.gov.uk/doc/open-government-licence/version/3/).Introduction
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result in a jet-fire. This paper describes experiments, analyt-
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Nomenclature
g0e reduced gravity of gas in enclosure, m s
2
g acceleration due to gravity, m s2
B0 buoyancy flux
k vent exchange flow coefficient
A area of the vent, m2
d height of the vent, m
C entrainment constant
h height of interface between buoyant and
ambient fluids, m
Qc convective power of the fire
Ta ambient temperature, K
ra ambient density, kg m
3
cpa specific heat capacity, J mol
1
Te temperature within enclosure, K
Pa ambient pressure, Pa
R universal gas constant, 8.314 J K1 mol1
Me molecular weight of gas in enclosure
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 22Undertaking (FCH JU) project “HyIndoor” (http://www.
hyindoor.eu) to investigate the behaviour of hydrogen jet
fires within enclosures fitted with passive ventilation. The
work was focussed on three areas of interest.
i) Flame length, temperature, radiation effects, oxygen
depletion and hydrogen accumulation from well-
ventilated jet-fires within enclosures.
ii) Heat balance considerations for well-ventilated jet-fires
(for example, heat loss through hot gas flows and heat
loss from enclosure walls by radiation/convection).
iii) Conditions required for jet-fires to become under-
ventilated.Experiments at HSL
Experimental arrangement
A carbon steel enclosure with an internal volume of approxi-
mately 31 m3 (2.5 m by 2.5 m by 5 m) was used. The enclosure
was situated in the open air and so exposed to the weather
during the experiments. Five passive vents (each 0.83 m wide
and 0.27 m high) were located on the side walls. The vents
could be fully or partially closed using steel plates and gaskets,
or left open to the atmosphere. The walls made from 6 mm
thick steel plates and appear flat when viewed from inside,
while the exterior features a number of more substantial
horizontal and vertical structural beams. Two emergency
explosion relief vents (total area 1.6 m2) made from 100 mm
aluminium foil were fitted in the roof. The enclosure is raised
off the ground by 0.8 m and has a 2.5 m long porch attached to
the vent 2/vent 4 end. A schematic and a photograph of the
enclosure are shown in Fig. 1.
Hydrogen was released vertically upwards 0.5 m above,
and in the centre of, the enclosure floor. Sub-sonic releases
were through a 10 mm pipe using mass flow controllers andPlease cite this article in press as: Hooker P, et al., Hydrogen jet fi
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.chocked flow releases were at pressures greater than 1 MPa
through nozzles of less than 1 mm diameter. A propane pilot
light was used to ignite the hydrogen and then turned off
(typically within 2 s of hydrogen ignition).
The resulting hydrogen jet fire was then allowed to burn
until the internal gas temperatures were at quasi-steady-
state, or until the hydrogen within the enclosure reached a
concentration considered to be potentially damaging to the
facility should there be an explosion.
Oxygen and hydrogen concentrations were measured by
extracting gas samples from five positions within the enclo-
sure. The extracted gas was cooled and the water vapour
removed before being passed through electrochemical oxygen
analysers (with an accuracy of ± 0.1% v/v) and thermal con-
ductivity hydrogen analysers (with a an accuracy of ± 1% v/v).
Three sampling positions were at a height of 2.3 m from the
floor, one was at 1.8 m and one at 1.0 m. Temperature mea-
surements were made within the enclosure, using K-type
thermocouples, at heights of 0.2 m, 1.0 m, 1.75 m and 2.3 m. A
thermocouple was also placed in each open vent. Three hu-
midity sensors were built into the enclosure walls, two at
1.3 m from the floor and one at 0.72 m. Three fast response
ellipsoidal radiometers were placed within the enclosure, one
close to the floor facing vertically upwards, and two facing
horizontally across the enclosure. The positions of the flame,
the vents and the instruments are shown in Figs. 2e6.
General atmospheric conditions were measured using a
weather station located approximately 19 m from the enclo-
sure at a height of 3 m. A further ultrasonic wind direction
sensor was located 5.5 m from the end of the enclosure at a
height of 4.1 m.
Video footage of flames was captured using three visible
range cameras located within the enclosure and a further
visible range camerawas used tomonitor the upper open vent
for external flames.
Results from experiments
Twelve experiments were carried out, eight well-ventilated
and four under-ventilated. The results are summarised in
Table 1. The hydrogen flames were surprisingly visible; this is
thought to be due to traces of dust in the enclosure and/or soot
generated by the propane pilot flame.
A number of differences were observed in the well-
ventilated tests involving chocked release jet-fires and sub-
sonic jet-fires with similar flow-rates; the flame lengths for
the chocked releases were shorter than those of the equiva-
lent sub-sonic releases and it also appears that the layer of hot
gas at the top of the enclosure was thinner for the sub-sonic
releases than for the chocked releases. There was no evi-
dence of hydrogen accumulation in any of the well-ventilated
tests although there was a small degree of oxygen depletion.
Significant oxygen depletion was evident in all of the
under-ventilated tests, and hydrogen accumulation was also
observed. In testWP4/10, which had only one quarter of a vent
open, severe oxygen depletion was followed by rapid
hydrogen accumulation. The onset of hydrogen accumulation
was accompanied by a reduction in radiated heat, a decrease
in enclosure temperature and a stabilisation of the oxygen
concentration. Those trends are shown in Fig. 7. The flameres in a passively ventilated enclosure, International Journal of
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Fig. 1 e The HSL 31 m3 enclosure.
Fig. 2 e Positions of flame and vents (which may be open or closed).
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 2 3had reduced in size throughout the test, as shown in Fig. 8,
although it was still burning when the hydrogen supply was
intentionally stopped. There was no visual evidence of flames
external to the open upper vent in any of the tests.Comparison with analytical model for enclosure
temperatures
Analytical modelling approach
Analytical modelling of HSL's jet fire experiments was carried
out using themodel of Linden et al. [1], hereafter referred to as
the Linden model. The Linden model can be used to predict
the natural ventilation of an enclosure containing a buoyant
source with one or more vents, including wall and ceiling
vents. It makes a number of assumptions but has been vali-
dated against experiments involving the release of non-Please cite this article in press as: Hooker P, et al., Hydrogen jet fi
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.reacting buoyant gases, such as Cariteau and Tkatschenko
[2] and Hooker et al. [3]. One assumption made by the Linden
model is that the ventilation is driven by the buoyant source
and that the volume production associated with the buoyant
source can be neglected. The Linden model separates
buoyancy-driven ventilation into displacement and mixing
regimes. In mixing ventilation the incoming air fully mixes
with the fluid in the enclosure leading to a homogeneous
environment whilst displacement ventilation is characterised
by a stratified environment in which the incoming air only
partially mixes with the fluid in the enclosure.
For mixing ventilation the Lindenmodel predicts a steady-
state reduced gravity inside the enclosure of,
g'e ¼

B0
kAd1=2
2=3
; (1)
where B0 is the buoyancy flux from the buoyant source, k is a
vent exchange flow coefficient, A is the area of the vent andres in a passively ventilated enclosure, International Journal of
246
Fig. 3 e Positions of thermocouples.
Fig. 4 e Positions of sample points for hydrogen and oxygen measurements.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 24d is the height of the vent. For displacement ventilation the
Linden model predicts a steady-state reduced gravity in the
buoyant layer inside the enclosure of,
g'e ¼
B2=30
Ch5=3
; (2)Please cite this article in press as: Hooker P, et al., Hydrogen jet fi
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.where C is an entrainment constant associated with the
buoyant source and h is the height of the interface between
buoyant and ambient fluids.
For ignited releases the source of buoyancy driving the
ventilation is temperature and the buoyancy flux can be
described using,res in a passively ventilated enclosure, International Journal of
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Fig. 5 e Positions of humidity sensors.
Fig. 6 e Positions of radiometers.
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Table 1 e Summary of experimental results.
Test no. Objective Release
type
Flow
rate
(Nl/min)
Approximate
Flame
length (m)
Orifice
size
(mm)
Release
pressure
(bar a)
Test
duration (s)
WP4/1 Investigate flame length/
radiated heat etc for well-
ventilated jet fire
Chocked 149 e 0.55 15 e
WP4/2 Investigate flame length/
radiated heat etc for well-
ventilated jet fire
Subsonic 150 <~1 m 10 1 1520
WP4/3 Investigate flame length/
radiated heat etc for well-
ventilated jet fire
Chocked 293 e 0.9 11 e
WP4/4 Investigate flame length/
radiated heat etc for well-
ventilated jet fire
Chocked 581 <0.5 m 0.9 21.7 1344
WP4/5 Investigate flame length/
radiated heat etc for well-
ventilated jet fire
Chocked 891 ~1 m 0.9 33.7 494
(continuous)
WP4/6 Investigate flame length/
radiated heat etc for well-
ventilated jet fire
Chocked 648 ~0.5 m 0.9 24.4 1168
(continuous)
WP4/7 Investigate flame length/
radiated heat etc for well-
ventilated jet fire
Subsonic 648 ~1.5 m 10 1 1233
WP4/8 Investigate flame length/
radiated heat etc for well-
ventilated jet fire
Subsonic 891 ~2 m 10 1 928
WP4/9 Investigate flame length/
radiated heat etc for under-
ventilated jet fire
Subsonic 800 ~2 m 10 1 222
(continuous)
WP4/10 Investigate flame length/
radiated heat etc for under-
ventilated jet fire
Subsonic 800 ~2 m 10 1 612
WP4/11 Investigate flame length/
radiated heat etc for under-
ventilated jet fire
Subsonic 800 ~2 m 10 1 1400
WP4/12 Investigate flame length/
radiated heat etc for under-
ventilated jet fire
Subsonic 800 ~2 m 10 1 761
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 26B0 ¼ g
_Qc
Taracpa
; (3)
where g is gravitational acceleration, _Qc is the 'convective'
power of the fire and Ta, ra and cpa are the ambient tempera-
ture, density and specific heat capacity, respectively. The
'convective' power of the fire was taken to be 70% of the total
power, which is analogous to previous studies that have
applied the Linden models to the ventilation of fires [4]. For
tests with a single high vent themixing ventilationmodel was
usedwith an exchange flow coefficient of k¼ 0.25 [5], while for
tests with high and low vents the displacement ventilation
model was used with a vent discharge coefficient of Cd ¼ 0.6.
Once the reduced gravity inside the enclosure has been
calculated, the temperature inside the enclosure can be esti-
mated using,
Te ¼ PaMe
Rra

1 g'e

g
 ; (4)Please cite this article in press as: Hooker P, et al., Hydrogen jet fi
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.where Pa and ra are the ambient pressure and density, R is the
universal gas constant and Me is the molecular weight of the
gas inside the enclosure. For the calculations carried out here,
it was assumed that Me was equal to the molecular weight of
air.
Once the flow through the enclosure, due to passive
ventilation, has been calculated, the steady-state average
oxygen concentration in the enclosure can be estimated by
subtracting the oxygen consumed by the burning hydrogen
from that being introduced with the fresh air being drawn in.Analytical modelling: results and discussion
An overview of the analyticalmodel calculations and results is
shown in Table 2. The fire power was calculated using the
lower heating value for hydrogen, namely 120 MJ/kg [6]. The
mixing ventilationmodel used for tests with a single high vent
assumes full mixing and the temperature is the predicted
value throughout the enclosure. Conversely, the displacementres in a passively ventilated enclosure, International Journal of
246
Passive vent
Configurations
Wind direction Maximum temperature (C) Minimum
oxygen
concentration
(% v/v)
Maximum
hydrogen
concentration
(% v/v)
Comments
0.2 m
from
floor
1 m
from
floor
1.75 m
from
floor
2.25 m
from
floor
1 upper vent, V1 (0.87 m  0.23 m) e e e e e e e Flame
self-extinguished
when pilot flame
removed
1 upper vent, V1 (0.87 m  0.23 m) From opposite
side to open vent
~23 ~40 ~60 ~100 19.4 0
1 upper vent V5, 1 lower vent V4
(each 0.87 m  0.23 m)
e e e e e e e Flame
self-extinguished
when pilot flame
removed
1 upper vent V5, 1 lower vent V4
(each 0.87 m  0.23 m)
81 to normal of
upper open vent
<20 ~20 ~135 ~150 19.6 0
1 upper vent V5, 1 lower vent V4
(each 0.87 m  0.23 m)
81 to normal of
upper open vent
<20 ~25 ~180 ~195 19 0 Issues with valve
1 upper vent V1, 1 lower vent V3
(each 0.87 m  0.23 m)
86 to normal of
lower open vent
~38 ~100 ~165 ~205 18 <1 Issues with valve
2 upper vent V1, 1 lower vent V3
(each 0.87 m  0.23 m)
82 to normal of
upper open vent
<25 25 ~115 ~230 18.8 0.3
3 upper vent V1, 1 lower vent V3
(each 0.87 m  0.23 m)
84 to normal of
upper open vent
<30 38 ~140 ~285 18.3 <1%
50% upper vent V1 only
(0.42 m  0.27 m)
Almost parallel
to open vent
34 83 ~213 ~310 10.8 1.8 Issues with valve,
run aborted
25% upper vent only
(0.21 m  0.27 m)
Almost parallel
to open vent
~45 ~120 ~220 ~320 1.4 12
50% upper vent V1 only
(0.42 m  0.27 m)
Almost parallel
to open vent
~50 ~130 ~210 ~325 7.3 14
25% upper vent only
(0.21 m  0.27 m)
Almost parallel
to open vent
~40 ~115 ~215 ~325 7.9 16.1
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 2 7ventilation model used for tests with high and low vents as-
sumes a stratified environment. For these tests Table 2 shows
the height of the interface between buoyant and ambient
fluids and the temperature in the buoyant layer.
The results in Table 2 show that the Lindenmodel predicts
significantly higher ventilation rates, expressed in “air
changes per hour” (ACH), and therefore lower temperatures
for a given fire power, for tests with high and low vents than
for tests with a single high vent. This is consistent with ob-
servations made previously that multi-vent configurations
lead to much more efficient ventilation than single vent con-
figurations [3]. Furthermore, this simple model neglects heat
transfer via the enclosure walls. For these reasons, the Linden
model can be expected to over-predict the temperature. The
measured “steady-state” oxygen concentrations are
compared, in Table 2, with the concentrations estimated by
balancing the predicted rate of oxygen consumption in the fire
and the oxygen introduction via the passive ventilation. For
well-ventilated jet-fires the estimates are in broad agreementPlease cite this article in press as: Hooker P, et al., Hydrogen jet fi
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.with the measured values. The estimated values for the
under-ventilated fires are not so good, but still show a sig-
nificant degree of under-ventilation occurring.
Fig. 9 shows a comparison between maximum tempera-
ture measurements from HSL's experiments and the Linden
model predictions. Most of the measurements from well
ventilated fires are predicted to within a factor of two. Tem-
perature measurements from under-ventilated fires were
over-predicted probably due to both the increased influence of
heat losses through the enclosure walls and the incomplete
combustion of the hydrogen which aren't accounted for in the
model.
Conclusions from the analytical modelling
The Linden model has been used to carry out post-test
modelling of HSL's jet fire experiments, to calculate the
steady-state ventilation rate, temperature and average oxy-
gen concentration inside the enclosure. Temperatureres in a passively ventilated enclosure, International Journal of
246
Fig. 8 e Flame shape, oxygen and hydrogen concentration at three times during test WP4/10.
Fig. 7 e Oxygen, hydrogen, temperature and radiometer measurements from test WP4/10.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 28predictions and oxygen concentrations were in reasonable
agreement with the measurements for well-ventilated fires.
For under-ventilated fires the temperature predictions were
poor although the oxygen concentration estimates did indi-
cate significant degrees of under-ventilation and could
potentially be used to identify under-ventilation problems for
design purposes.CFD investigation of influence of thermal
properties of the enclosure
CFD modelling was carried out to investigate the thermal
properties of the enclosure on the behaviour of the jet fires.Please cite this article in press as: Hooker P, et al., Hydrogen jet fi
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.Simulations were carried out of experiment WP4/2 which was
performed using a single high vent (V1), a hydrogen release
rate of 150 NL/min and a nozzle diameter of 10 mm. This
experiment has various features thatmake it amenable to CFD
modelling, including a single vent (thereby minimising the
impact of the uncertainty introduced by varying wind condi-
tions) and a low momentum source with well-ventilated
conditions (allowing a relatively simple, less computation-
ally expensive combustion model to be used).CFD modelling approach
CFDmodelling was carried out using the general purpose CFD
code ANSYS CFX 15 [7]. All of the simulations were performedres in a passively ventilated enclosure, International Journal of
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Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.using hybrid meshes with structured prism elements inside
the enclosure and unstructured tetrahedral elements outside.
Mesh refinement is specified on the nozzle, along the path of
the jet, near the vents and on the external walls of the
enclosure. Twomesheswere used for the simulations, namely
‘medium’ and ‘fine’ resolution meshes.
The dispersion of hydrogen and subsequent combustion
products was modelled using a multicomponent flow
approach, which assumes that hydrogen, oxygen, nitrogen
and water vapour mix at the molecular level and they share
the same mean velocity, pressure and temperature fields
[7]. Turbulence was modelled using the k-ε model with
buoyancy production and dissipation, whilst heat transfer
was modelled using the Total Energy model [7]. The tur-
bulence intensity at the jet source was set to 10%. The
release pipe, the enclosure walls and the ground were
modelled using a no slip, hydraulically smooth boundary
condition.
The eddy dissipation model was used to model the com-
bustion of hydrogen. Despite its simplicity it performs well
for modelling turbulent reacting flows including premixed
combustion and diffusion flames and is widely used in
industry.
It is important to consider the radiation properties of the
materials present. Homo-nuclear diatomicmolecules suchH2,
O2 and N2 are unable to interact in the thermal region of the
spectrum. However, the effect of radiation on hetero-nuclear
molecules, such as H2O, needs to be incorporated into the
model. For the purposes of minimising computational
expense, the so-called grey approximation was used, that is
the gas is assumed to have the same properties throughout
the spectrum. The media is assumed to be isotropic and ho-
mogeneous so the concentration dependence can also be
ignored and the radiation transport is governed by the Beer-
eLambert law.
Four types of thermal boundary are possible in ANSYS CFX:
adiabatic; prescribed temperature; prescribed heat flux and
prescribed heat transfer coefficient. The use of adiabatic
boundaries was investigated (simulation S5), however, the
results were found to give very high temperatures not re-
flected in the experimental results. For simplicity, a prescribed
temperature approach was adopted.
Although, in reality, walls can absorb, reflect and emit
thermal radiation, in thiswork thewalls aremodelled as being
a black body radiator at ambient temperature. This means the
walls absorb all the radiation directed at them (i.e. they do not
reflect any radiation) and they emit radiation at a rate pro-
portional to their prescribed temperature, 283 K. A more
complete treatment would add considerable complexity and
computational expense to the simulations.
The simulations were carried out using ‘high resolution’
discretisation in space and second order discretisation in time
[7]. Convergence was judged by monitoring normalised Root
Mean Square (RMS) residual values. ANSYS recommend that
convergence requires RMS values of 104 or less and this was
the criterion adopted here. Steady state simulations were
performed with a maximum ‘time-step’ of 0.05 s, whilst
transient simulations were carried out using time-steps of
0.02 s.res in a passively ventilated enclosure, International Journal of
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Fig. 9 e Comparison of maximum temperature
measurements and Linden model predictions. Solid line
indicates exact agreement between predictions and
measurements, dashed lines indicate a factor of two
difference.
Fig. 10 e CFD model predictions of temperatures and
velocities on a cross section through the enclosure.
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The CFD modelling approach assumes that the conditions
within the enclosure are not sensitive to variations in the
wind speed or the approach used to account for radiation. The
validity of these assumptions is assessed by using steady state
simulations to assess the sensitivity of the results to changes
in the wind speed (0.5e2.0 m/s), the absorption coefficient
(0.5e1.0), grid resolution and interior thermal boundary con-
dition (fixed at 283 K and adiabatic). The range of predicted
temperatures at each height, for various model conditions, is
shown in Table 3. Also shown in Table 3 is the predicted
ventilation rate of the enclosure.
Simulations carried out with different mesh resolutions
gave very similar predictions and indicating that the solution
is not mesh dependent. Changing the wind speed also has
only a slight effect on the internal temperature. The single
biggest factor affecting the internal temperatures is the ther-
mal boundary condition on the inside of the enclosure. The
two cases considered, adiabatic and fixed temperature (sim-
ulations S5 and S2 respectively), represent bounding cases.
The simulation S5, with adiabatic, walls produced tempera-
tures which were vastly (300 K) in excess of simulation with
fixed wall temperature, S1. The adiabatic case effectively
provides a model of an insulated room where the tempera-
tures within the room are determined solely by the ventilation
rate. The constant temperature boundary condition case
however would be expected to over-predict the heat lossesTable 3 e Overview of simulation results.
Simulation Grid
resolution
Wind-speed
(ms1)
Enclosure interior
thermal boundary
condition
H2O a
coeffic
S1 High 0.5 283 K (fixed)
S2 Medium 0.5 283 K (fixed)
S3 Medium 0.5 283 K (fixed)
S4 Medium 2.0 283 K (fixed)
S5 Medium 0.5 Adiabatic
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refrigerated such that the temperature remains constant. In
this case, the internal temperature is dependent on not only
the ventilation rate, but also the heat lost to the walls.
A transient simulation was carried out, based on the same
approach as that used in steady state simulation S2. This
method of simulation was carried out since this was most
likely to give the best fit with the experimentally measured
temperatures, based on the sensitivity studies. Due to the long
computing time required only the first 400 s of the release
were modelled. This was in part due to the adaptive time-
stepping method used to ensure that the simulations ach-
ieved an acceptable level of convergence (RMS residual values
of 104 or less [7]).
Fig. 10 shows model predictions of temperatures and ve-
locities on a plane through the enclosure and the centre of the
vent. The strong thermal stratification is clearly evident,
particularly in the main body of the room where the buoyant
warm air has risen and collected below the ceiling of the
enclosure. The rate at which this warm air can exit the
enclosure is determined by how rapidly fresh air can be
introduced into the room. That is, hot air rises out of the
container as cooler outside air is drawn in to maintain the
internal pressure. Calculations from the simulation indicate
that a steady state of around 9 ACH is quickly reached (within
150 s) and maintained throughout the steady part of the
calculation. This figure of 9 ACH is in good agreement with the
value found using the analytical model reported above. The
velocity vectors in Fig. 10 show the cascade of cold air falling in
through the opening.bsorption
ient (m1)
High
(K)
Medium
(K)
Low
(K)
Lowest
(K)
Ventilation
rate (ACH)
1.0 [335,358] [325,330] [308,313] [295,305] 10
1.0 [340,355] [325,330] [308,313] [295,305] 9.5
0.5 [342,358] [322,330] [308,313] [295,305] 9.5
0.5 [345,355] [325,332] [311,314] [297,303] 9
1.0 S2 þ 300 K 30þ
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Fig. 11 e Comparison of CFD model temperature predictions and experimental measurements.
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compare the steadystateand transientmodelpredictions to the
experimentalmeasurements as shown in Fig. 11. The results of
thesteadystatesimulationareshownasbandsthat indicate the
rangeofCFDresultsatdifferentheights in theenclosureand the
transient CFDmodel predictions are shown as coloured lines.
The transient simulation reaches a steady state at around
50 s that is comparable to the steady state simulations. The
thermal stratification predicted by the simulations is quali-
tatively similar to that shown by the experimental measure-
ments. The initial temperature rises for the higher sensors
show good agreement between the model predictions and
experiments. However, for the lower levels, the rise in tem-
perature predicted by the CFD model is considerably faster
than observed. This difference could be due to the thermal
boundary condition artificially increasing the level of turbu-
lence and leading to a higher degree of mixing than was pre-
sent within the experiment. The result of this is that the
simulation reached a steady state far faster than the experi-
ment. As such, the good agreement observed here between
the experiment and CFD must be treated as an early result
until more work can verify the approach.Conclusions from CFD studies
The key conclusion from this work is that modelling the
thermal boundary condition on the enclosure walls is critical
to getting reasonable results. This is important because in
practical applications the walls may have significantly
different properties. Although facilities housed in iso-
containers are likely to have high thermal conductivity (e.g.
steel) and fixed temperature boundary conditions would be
sufficiently accurate, other facilities may have walls of ma-
terials with far lower thermal conductivities (e.g. concrete or
brick). Such materials may significantly reduce the heat flux
through the wall and lead to much higher internal tempera-
tures. The heat transfer coefficientmay have to be determined
for the specific material in question and incorporated into the
model.Please cite this article in press as: Hooker P, et al., Hydrogen jet fi
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.07.Overall conclusions
A series of experiments have been carried out to investigate
indoor hydrogen jet fires. These have provided data for well-
ventilated and under-ventilated jet fires and have also
shown differences in behaviour between sub-sonic and
chocked flow releases.
Analytical modelling, based on the approach of Linden et al.
[1] has been used to calculate temperatures and oxygen con-
centrations within the enclosure. Despite the simple assump-
tions in themodel, the results are reasonable forwell-ventilated
fires. Themodelsarepoorat estimating temperatures forunder-
ventilated fires, although the calculation of oxygen concentra-
tion does indicate significant under-ventilation and may be
useful in identifying such problems with enclosure designs.
CFD modelling has been used to investigate the thermal
properties of the enclosure on the behaviour of the jet fires. It
was concluded that modelling the thermal boundary condi-
tion on the enclosure walls is critical to getting reasonable
results, a finding that is highly significant to practical
hydrogen systems within enclosures/rooms.
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